| LEGIBILITY NOTICE

A major purpose cof the Techni-
cal Information Center is to provide
the broadest dissemination possi-
ble of information contained In
DOE’'s Research and Development
Reports to business, industry, the
academic community, and federal,
state and local governments.

Although a small portion of this
report is not reproducible, it is
being made available to expedite
the availability of information on the
research discussed herein.

1|




A- -39-2066 _
LA-UR LA-UR--89-2066 foL T

DE89 014300

.28 4.am08 Natorar .aporalory 8 operated Dy .he Uriversity of Cantormia for 1he United States Depanmer: or Energy under contract W-"405 ENG- 16

TTLE DEVELOPMENT OF NEUTRON MULTIPLICITY COUNTERS FOR SAFEGUARDS ASSAY

AUTHOR(S) N« Ensslin

suBMitTED To Institute of Nuclear Materials Management (INMM)
INMM 30th Annual Meeting
Orlando, Florida
July 9-12, 1989
(FULL PAPER) DISCLAIMER

This report was prepated as an account of sork sponsored mv an agenay al the Umited States
Government  Nether the H'ated Stie. Governmoat nor any agency thereal, not any of then
emplovees. makes any warrant, expresy ot imphed o assumes any legal abildy or tesponss
Mty for the accurac, completeness 1t ustfulness of any iformation apparatus, product, or
premess dinchned. or represents that s use woubd ool adonge privatedy owned nights Refer
ence heren tooany spedific commetow product, priwess, ar senvice by trade name. trademark,
manubacturer or athetwine does o nevevanldy constitute o imply s endogsemient . recom
mendation o Gvannp by the U miten, Stees Cunernment or any agenes thereol The views
sl opioons o authors expressed b doeo ot nevessandy state o retlect thase ol the
Lomited States Guvernment or any ageroy thereot

PR TN TOLF B AT R ITSNLPIARA rarOgn IR TNA1 TR U S Government teigiiy 4 fnrseriuave t oyl heg icanee 1o pubrar ar repingdae e
S I U TN

) ANOW NRery to 4O S0 'ar S oyermgny Durposey
tm AA gt o tear g AU -7 A vy "M ety 'ngy

"0 Db aher (Jently thg ' eom Ay work DTN ) L rdge 1Re SuUBLICES O 1he 5 Depar o mer )} ey,

P
- =

L@S A am@ Los Alama:s National Laboratory
Los Alamos.New Mexico 87545 .V

LDISHHb T

MO ik ML Ty


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


DEVELOPMENT OF NEUTRON MULTIPLICITY COUNTERS
FOR SAFEGUARDS ASSAY

N, Ensslin
Los Alamos Nadonal Laboratory

Los Alamos, NM 87545

ABSTRACT

This paper reports on the development of a new generation
of neutron muluplicity counters for assaying impure pluto-
num. The new counters wiil be able to obtain three measured
parameters from the neutron multiplicity distribution and will
be able 10 determine sample mass. muldplication, and (a.n)
reaction rate, making it possible to obtain a2 more mawix-inde-
pendent assay of moist or impure materials. This paper
descnbes the exist:ng prototype multiplicity counters and
evaluates their performance using assay variance as a figure of
menit. The best performance to date is obtained with a high-
efficiency, low die-away-time thermal neutron counter with
shuft-register electronics.

I. INTRODUCTION

Neutrcn coincidence counters are used to verify or account
for plutonium and uranium samples present 1n the nuciear fuel
cycle. The counters are used for assay of scrap and waste,
shipper/receiver confirmatory measurements, and inventory
verificaton. A fundamental limitation of the current generation
of neutron coincidence counters is their ability to measure only
two narameters: the .otal neutron count rate T and the real co-
incidence count rate R. For a typical sample, there are at least
three unknowns: mass m, neutron leakage multiplication M,
and the fraction a of nsutrons from (a,n) reactions relative to
those from spontaneous fission. (If the sample contains
neutron-moderaung matenals, then the neutron detection effi-
cieney e can be a fourth uinknown.) Thus it 15 often not pos-
sible to obtain accurate assays of impure samples fo- which M
and aare both unknown, and it 1s customary to use slower but
more accurate technigues, such as calorimetry, for account-
abihity of bulk plutomum samples.

The new neutron multiplicity counters under development
are distinguished trom existing neutron coincidence counters
by their ability to measurc a third parameter. The multiplicity
counters measure the multiplicity distnbution of neutrons
erutted by the sample (the number of ()'s, ''s, 2's, etc., reg-
tered after an inital ngger event). From the measured mul-
upheity distnbution 1t 15 possible to extract three measured
parameters. These may be thought of as single, double, and
triple coincidences, although 1n practice the most common ap-
proach 1s to compute the first three moments of the muluplicity
distnbution (moments analysis)! or to work directly with the
number of 0, 1, and 2 multiplets (multuplet approach).? Three
unknown parameters such as sample mass, M, and a, can then
be calculated from: the three measured parameters,

The goal of neutron multplicity analysis is to correctly
assay in-plant materials without any prior knowledge of the
sample matrix. The availability of a third measured parameter
will make this possible for many materials, including impure
plutonium oxide, oxidized metal, and some categories of scrap
and waste. If the samples contain moisture or other neutron
moderating materials, it may still be possible to obtain good
assays by using the ratio of neutron counts in the various rings
of detectors in the muldplicity counter to estimate and correct
for the emitted neutron energy spectrum. Table | summarizes
some of the potential applications for multiplicity counters.

TABLE I. Some potential applications of neutron multiplicity
counters tc nuclear materials present in DOE facilities.

1. Impure plutonium oxide with unknown a-particle source
strengths like Am or unknown (a,n) reaction rates in
matenals like F.

Moist plutonium oxide, where the moisture increases the

(a,n) reaction rate and decreases the average energy of

the neutron spectrum.

3. Impure plutonium metal with an oxidized surface, My
impurities, or other (a.n) emitters that are present in
unknown quantity.

4. Pyrochemical scrap materials such as spent salts or salt
scrub buttons from direct oxide reduction, molten salt
extraction, or electrorefining processes.

5. Plutonium-bearing waste materials with some
multiplication and enough (an) reactions to signiticantly
hias the coincidence count rate.

6.  Uranium metals with irregular geometry, where active
neutron coincidence counting is inaccurate because of
self-multiplication.

tJ

I1. EXISTING PROTOTYPE COUNTERS

There are a surpnising number of design options for mult
phedy counters. Multiplicity measurements with existing
thetmal neutron counters have been reported for a three nng
Active Well Coincidence Counter (AWCC)? and for a High
Level Neutron Coincidence Counter (HLNC-1D4 operated
with the Euratom Time Correlation Analyzer ¢ Measurements
with new counters have been reported for the Los Alimos
dual mode thermal neutron multiphicity counter, a fast neutron
counter prototype,d and the Austrahan Nuclear Science amd



TABLE II. Important parameters for existing or prototype neutron counters that have been
used for multiplicity measurements. The range of plutonium mass and assay precision is
derermined from Fig. 1, assuming 6% <*Pu, 1000-s counting umes, and equal numbers of
spontaneous fission and (a.n) neutrons (a = 1).

Neutron Multiplicity Detection Neutron  Electronic Range of Assay
Counter Efficiency  Die-away  Stabiluy Mass Precision
(%) (us) (%) (g Pu) (%)

Three-ring AWCC3 38 55 +0.3 15-15 000 2-6
HI.NC-114 18 43 +0.03 15-15 000 410
Dual-mode ctr. 43 24 +0.03 15-15 000 1-2
(High-eff. mode)3
Fast Neutron 7 0.03 +5 80-15 000 1-6
Counter®
Australian hybnd 36 11.3 +3 15-1000 6-11
3He/Gd-loaded Scint.”

Technology Organization (ANSTO) prototype multiplicity 100.0 T T UL LA T T

counter.” Some of the important features of these prototypes

are summarized in Table [I. Other plastic- or liquid-scintilla-

tor-based options are also being evaluated.

Multiplicity measurements were first reported for the three-
ring AWCC, which was used in the passive mode tc assay a
variety of plutoninm samples.> Neutron detection efficiency is
high for this counter, which contains 60 3He tubes, but the
die-away time is also relatively high. Electronic stability is
good because the thermal neutron capture process makes it
casy to set a threshold below most of the expected detector
pulse heights. The range of plutonium mass and the associ-
ated range of assay precision reported in Table I for this
counter are based not on the actual measurements, which were
analyzed with the multiplet approach, but rather on the resuits
of the figure-of-merit code described in Sec. III below and il-
lustrated in Fig. 1, which is based on the moments approach.
‘The moments approach yields a significantly lower assay van-
ance because more of the available data are used.

The HLNC-II contains 18 He tubes and is undermoder-
ated to reduce its weight.4 Although this counter was de-
signed for portable applications and was not intended for mul-
tiplicity measurements, it is included in this companson be-
cause some multiplicity measurements have been camed out
by Merlyn Krick at Los Alamos. If the multiplicity data are
analyzed by the moments approach, it is possible to obtain an
assay precision of 4 to 10% in 1000 s for some samples.
Thus the HILNC-11 could be used for the verification of some
outliers by remeasuring them for several hours. Both the
HLNC-II and the dual-mode counter described below are very
stable because of their Amptek preamp-discniminator circuitry,

The dual-mode neutron multiplicity counter is the first
counter designed specifically for multplicity measurements.3
It is designed to have both high neutron detection efficiency
and low die-away ume. This is achieved by using 130 ‘He
tubes in five nings, with the tubes embedded in eluminum with
only a thin sleeve of polyethylene. In the low-efficiency mode
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g 1. Assay RSD in 1000 s as a function of 240py mass for amples
with @ = 1. The curves (from Ref. B) were calculated using an wway
variance code, and 1.re 1n good agreement with existing measureinents
analyzed with the muments approach. The curves are for the five prot-
tyje muluplicity counters descnbed 1n the text: (A} three-nng AWCC,
‘) HLNC-1I, (C) dual-mode muluplicity coumer, (1)) b st neutron
counter, and (E) ANSTO muluplicity counter,

of operation, each tube is wrapped with a cadmium insert, the
neutron etficiency 1s 17%, and the die-away time 15 11 8 ps.
in the high-efficiency mode of operation (histed in Table (D,
the cadmium inserts are removed, the efficiency s 43%, and
the die-away tune is 24 us. In this mode of operation, assay



predisions of 1o 27¢ can be obuuined 1in 1OOO-s counuing umes

ror many, sampies. as Ulustrated in b, 1

T'he fast neutron counter prototype® consists of four higquid
semntitlator ¢ells, each 12,5 eman diameter by 10 ¢m deep,
and has a low etficiency because of the small solid angle of the
ceils. Pulse-shape discnmuination eliminates fission gamma
ravs from the fast comnctdence circuntry,. The neutron die-away
nme s exaemely fow, about 20- 1o 30-ns tlight ume tor the
tast neutrons. Electronic stability 15 poor for scinullators be-
cdause they measuie a neutron recorl specorum.  In the future ut
~hould be possible 1o improvs the stability of the fast neutron
counter by using stabthzaton circuits or immersing the detec-
tors 1n a Jarge thermal mass. Assay precision for the tast neu-
ron counter always :mproves with increasing sample mass: at
low mass the precision is poor because of the low efficiency,
but 4y the mass increases the precision always improves be-
cause of the very low die-away time.

Detection etficiency is also high for the Australian hybnd
counter, which contains 80 liters ot gadolinium-loaded liquid
scinllator.” The gadolinium also acts as a neutron poison anc
thereby provides a low die-away ume. Electronic stability is
dgatn not as good as tor the thermal counters. Despite the high
neutron detection efficiency and low die-away ume, the assay
precision 1s not good. However, this 1s caused by other et-
fects that could be alleviated in the future: the ‘He tngger cir-
cuit has a very low etficiency, and the liquid scinullator has a
high gamma-ray hackground rate.

II.  ASSAY VARIANCE AS A FIGURE OF MERIT
FOR MULTIPLICITY COUNTING

The importance ot ussay vanance for malupheity counters
SURZIESES 118 Use ds a Nigure of ment tor companing the pertor-
mance of different designs. When other cntena such as cost,
stability, and ruggedness have been met, assay vanance may
determune the ulimate usefulness of the instrument. Thas fig-
ure of mentcan be used as an ohjective vardstick for compar-
g multplicity counter: and for predicting the eftect of design
changes.

A vode has been developed to calculate assay vanance
from the factoral moments ot the neutron muluplicity dis-
tbution ® The multuphizity distnbution does not need 1o be
measured, but can be predicted for any given sample from the
Jesign parameters of the counter Companson of the observed
varance with the caleulated vanance shows that they are in
vood agreement tor the available data. Then, tor cases where
Jataare notyvet available. or for counters that are in the process
ot bemng designed, the tigure of ment code can be used to
predictthe asaar varange.

Pooure ©cirom Ret Sishows assay relative standard de
satton tRSD) as a tunction ot <Py mass for the current
prototvpe counters 7 The calculations assume 1OO0
counting umes and a = 1 requal number of spontaneous lis
sionand cam reatronsy - bBygure 1 shows that the counters
waith high neutron detection etficiency or low die away tme,
ar both, usually kave the lowest assay vanance tor samples in
the miss range vf 1o 1000 g “Pu EFfticiency and die
DAy tme interact g complex way to deternine the assay
vartance  Forexample, Fag 1 shows that the assay varance
toramultpheits counter fimt decreases, then increases with
“anplemass For o conventional thermal neutron counter the
Foah o vananee abwan s decreases and approaches an asymptotic
vt

IV. DESIGN CRITERIA FOR NEUTRON
MULTIPLICITY COUNTERS

From the measurements obtained to date with the above
prototypes, and trom the figure-of-ment code results in ki |
and Ret. ¥, we can wdenufy some desirable design critena tor
neutron multiplicity counters. These cntena are summarized in
Iable I, roughly 1n the order of their importance.

The mulaplicicy counter must have a high neutron detecnion
etficiency to wollect a sutficient number of high-order coinci-
dences. ldeally, a usetul neutron multiplicity counter should
also retain the assay speed of current neutron coincidence
counters. At the present ime a practical goal is 1% RSD in
1000 5. The himiting factor in meeting this goal 15 the ditti-
culty in obtaining 1% RSD on the inples, or third moment,
and this same factor rules out the extraction ot a tfourth param-
cter trom the mulaplicuy distbuton.

The multiplicity counter should also have a shoit die-away
ume to optimize the ratio of the correlated signal to the uncor-
reluted background of accidental comncidences. As uin-
creases, the need for short die-awzy nme becomes more G-
portant. Figure 2 illustrates assay KSD at a = 10 tor the five
prototype counters described in this puper. At this high value
of a, such as might be found in some pyrochemical process
residues, the assay RSD for all five counters becomes much
higher, and the tast neutron counter (curve D) is now expected
t have the lowest RSD for 10- to 1000-g “4YPu samples.
Thus, at high a, short die-awuay time becomes the most imn-
portant cnternion, and a tast neutron counter may be needed.

Three other design ¢ntena involving neutron detection
efticiency attect assay bias rather than assay precision. To the
extent to which these cnitena can also be met, the muluphcity
counter will be more versatile and will require a smaller num.
ber of calibration curves for different matenal tvpes. One ¢n-
terion 1s the need for uniform detection etficiency across the
sample volume. Secondly, the design should have a nearly
optimal thickness of polyethylene so that small neutron eneruy
spectrum shifts, such as those caused by sample moisture, will
not bias the assay. Thirdly, the detectuion etficiency should in

PABLE UL Design cnteina ror neutron multiplicity counters,
roughiy inorder of imponance.

I Thgh neatron detecnon efficiency

2 Low neutron die away hime

UoConstant neutron detection etficiency over sampie volume
o Optmum detector moderator thickness

S Bticiency independent of enutted neutron energy spectium
t Stible to at least 1'%

Rupped and transportable

S Simple operanng and mamtenance procedures

4 Moderate procurement cost
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Fig 2. Assay RSD 1n 1000 s as a function of 240Py mass for samples
with a = 10. The curves are for the five prototype muluplicity counters
descnbed in the ext: (A) three-nng AWCC, (B) HLNC-II, (C) dual-mode
muluplicity counter, (D) fast neutron counter, and (E) ANSTO
muluplicity counter.

general be independent of energy spectrum shifts caused by
{a.n) neutrons, which are emitted with energies in the range of
1 to 5 MeV. These thre: requirements are 1o some extent in
conflict with the need for high efficiency and short die-away
e, and thereby complicate the design process. However, if
these criteria are not met, then neutron detection efficiency be-
comes a fourth unknown vanable.

The neutron multiplicity counter electronics should be sta-
ble 10 1% or better; a requirement easily met by existng ther-
mal neutron counter electronics packages based on Amptek
integrated nreamp/discriminators.  For scinullator-based
counters this 1s a difficult eriterion to meet, and will require the
use of special stabihzation circury.

For in-plant measurements by DOE or International Atomic
Energy Agency inspectors, the muitiplicity counter should also
he rugged enough to be transportable from one process area to
another, at least during the 1nitial evaluation phase. This cnte-
rion 1y agarn easily met by thermal neutron counter designs,
but 1s ditficult to meet for hquid-scintillator-based fast neutron
vounters.

Operaucnal simphicity, ease of maintenance, and moderate
costare other desirable cnterin. Simplicity and mantainability
are somewhat related to electronie stability and physical
ruggedness, and the comments made above also apply here.
Multplicity counters will cost more than conventional counters
because more neutron detectors, electronics, and software will
be required. This will properly limut their use to measurement
problems for which conventional counters are insufficiently
accurate, such as those itemized 1n Table ], If multplicity
counters can truly provide assays that are independent of most
matnx effects, the additonal costs will be jusutied.

We are currently in the process of designing a new 3- or 4-
ning thermal neutron multiplicity counter for in-plant measure-
ment problems. The new design will be similar 1n concept to
the S-ring prototype developed by Krick, Bosler, and
Swansen,® but will havs a larger sample well and will try to
meet as many of the above-mentioned design critena as possi-
bie. We plan to begin an evaluaton of this counter on in-plant
materials such as impure oxides and pyrochemical residues in
1990.

V. CONCLLUSIONS

From Fig. 1, we can conclude that several of the above
prototypes give fairly good performance for some values of M
and a, which is very encouraging. All can assay at least one
or two sam;ﬂcs overnight. The performance of two of the
prototyes®’ can be improved significantly by easily artainable
increases in the neutron detection efficiency or neutron trigger
efficiency.

However, for most samples in the range of 1 to 100 g
240py, the goal of 1% RSD in 1000 s can be met only b* the
short-die-away-time thermal neutron counter developed by
Krick, Bosler, and Swansen’ and operated with shift-register-
based multiplicity electronics.9 This design concept is thus the
most likely candidate for the coming generation of in-plant
multiplicity counters. This approach provides the best overall
assay RSD at present and uses field-tested 3He neutron detec-
tors and associated electronics. The new thermal counter that
we are now designing will be optimized for in-plant use and
will be applied to as many materials as possible to push its
usetulness to the limit.

For values of a larger than about 5, a scintiliator-based {ast
neutron counter may have a lower assay RSD, as illustrated in
Fig. 2. Research on plastic- or liquid-scintillator opuons 1s
continuing at a slower pace because of problems with elec-
tronic stability and sensitvity to the neutron energy spectrum.
Field-worthy fast neutron multiplicity counters are, perhaps,
sull one more generation removed.

For very high values of a (above 10), such as those tound
in americium- or fluorine-beanng salts or p'atonium fluoride,
muluplicity counters do not have a low enough assay RSD be-
cause of the high background signal. The sample self-interro-
gation technmique, »hich can be accurate to § or 10% (Ret. 1(})
may be best for such matenals. The choice of the best assay
technique for a particular measurement problem depends on
sample mass, multiplication, and a, with a being perhaps the
dominant influence. Table IV lists the currently available
neutron ¢nincidence counting techniques and gives the range
of u for which they are best suited. This table provides unly
rough guidelines, and more in-plant measurement expenence
15 required to better define the range of applicability for each
techmque.

Until neutron multiplicity counters become available, we
recommend that the neutron totals and neutron cotncidence in-
formation currently provided by existing in-plant counters be
fully exploited by applying existing known-a, known-M, or
self-interrogation techniques. These techniques can provide
hetter assay accuracy or new diagnostic information for many
matenal categones.



TABLE{V. Presenty available neutron coincidence countng
techniques and their range of applicability as a function of the
rauo of sample (a.n) neutron rate 1 spontaneous tission neugon
rate, a.

Neutron Coincidence Counting Technique a

Conventional coincidence counting with
self-mulaplbicaton correction for samples

with well-charactenized compositon (known a) 0-1
Conventional coincidence counting for samples

with well-charactenized geometry (known M) 0-5
Thermal neutron mulaplicity counting 0-5
Fast neutron multiplicity counting 0-10
Sample self-interrogation technique 10-100

ACKNOWLEDGMENTS

This paper describes the work of many other people in ad-
dition to the author, although the conclusions are those of the
author and are not necessarily shared by all other workers in
the field. At Los Alamos, Merlyn Krick, Gene Bosler, and
Jim Swansen have pioneered the development of thermal neu-
tron multiplicity counters, and Joe Wachter has helped with the
development of the fast neutron counter prototvpe. In
Australia, John Boldeman and Nick Dyudewski have developed
the gadolinium-loaded liquid scintillator multiplicity counter.
In Furope, Walter Hage (Ispra), D. M. Cifarelli (Milan), and
Klaus Boehnel (Karlsruhe) have developed the mathematical
expressions needed to interpret the multplicity dismbutions in
moments form.

REFERENCES

1. D. M. Cifarelli and W. Hage, "Models for a Three-
Parameter Analysis of Neutron Signal Correlation
Measurements for Fissile Matenal Assay,” Nucl. Instr.
Methods A281, 550 (1986).

10).

L. Boudar, K. P. Lambert. E. W. Lees, M. Polet,
and F. J. G. Rogers. "Experimentai and Theoretical
Observations on the Use of the Euratom Time Correla-
uon Analyzer for the Passive Assay of up to 1 Kg of
Plutonium,” Sixth ESARDA Symposium on Safeguards,
Venice, Italy, May 1984, p. 297.

M. S. Knck and J. E. Swansen, "Neutron Multiplicity
and Muluplication Measurements,” Nucl. Instrum
Methods 219, 384-393 (1984).

H. O. Menlove and J. E. Swansen, "A High-Perfor-
mance Neutron Time Correlation Counter,” Nucl. Tech-
nol. 71, 497 (1985).

M. S. Krick, G. E. Bosler, and J. E. Swansen "A
Neutron Multiplicity Counter for Neuiron Multplication
Measurements,” INMM Technical Wor'ishop on Bias in
Nondestructive Assay for Nuclear Materials Accoun-
ability, Boulder, Colorado, April 1987.

J. R. Wachter, E. L. Adams, and N. Ensslin,
"Prototype Fast Neutron Countecr for the Assay of
Impure Plutonium," American Nuclear Society, Third
Intemmaticnal Conference on Facility Operations - Safe-
guz§r7ds Interface, San Diego, California, November
1987,

N. Dytlewski, N. Ensslin, and J. W. Boldeman, "A
Neutron Multiplicity Counter for Plutonium Assay,”
submitted 10 Nucl. Sci. Eng., (1989).

N. Ensslin, N. Dytlewski, and M. S. Krick, "Assay
Variance as a Figure-of-Merit for Neutron Multiplicity
Counters," to be submitted o Nucl. Instrum. Methods
(1989)

J. E. Swansen, P.R. Collinsworth, M. S. Krick,
and D. L. Peterson, "Multiplicity Sorter for Shift-
Register Electronics,” Los Alamos National Laboratory
report LA-9221-MS (February 1982).

P. A. Russo, H. O. Menlove, K. W.Fife, M. .
West, and B. L. Miiler, "Evaluation of the Self-
Interrogation A sproach for Assay of Plutonium in High-
(a,n) Materials,” ANS Third International Conf. on Fa-
cility Operations - Safeguards Interface, San Diego,
California, November 1987,



